[1] Continuous GPS stations in the Pacific Northwest Geodetic Array network clearly record subduction-related strain accumulation and slow slip episodes along the Cascadia convergent margin. Many of the slow slip episodes have been correlated in time and space with seismic evidence for nonvolcanic tremor, leading to the previous discovery of episodic tremor and slip (ETS). In this study, we use a hyperbolic tangent curve fitting technique for the identification of slow slip times and displacement magnitudes within the GPS time series, independent of seismic tremor data. We then apply this technique to study the patterns of strain accumulation and release associated with ETS events and characterize patterns of coupling associated with the locked and transition zones of the plate interface. We demonstrate the effectiveness of this automated technique for both identification of slow slip observations and calculation of slow slip displacements. Recurrence patterns in the distribution of GPS observations demonstrate coherence among neighboring stations over time and apparent along-strike segmentation of the subduction interface. When slow slip events are removed from the time series, we can estimate the total site velocities between slow slip events. These velocities decay as depth to the subduction interface increases, but they diverge from the long-term trends expected from the interseismic cycle at $30-60 km above the interface, consistent with the location where slow slip displacements occur. Forward modeling of coupling on the plate interface reveals that in between slow slip events there is a patch of at least 30% coupling from 20 to 35 km depth, which is needed to produce the observed back slip displacements. Intriguingly, our best fitting models have a decrease in coupling down to $30% at $20 km depth followed by a peak of greater than 80% coupling at $30-35 km depth, suggesting the source zone for ETS events acts as a distinct locking zone that releases strain more frequently than the updip seismogenic locked zone, although a zone of constant $30% coupling cannot be ruled out with this data set. Such a scenario indicates that frictional behavior with depth follows a more complex model than a simple temperature controlled transition. We propose that coupling initially decreases with depth due to a decrease in strength of the overriding lower crust, but then coupling increases again when the subducting plate comes in contact with the stronger overriding mantle.
Introduction
[2] As the oceanic plate subducts down into the mantle, friction on the interface with the overriding plate causes stick slip behavior. The overriding plate is pulled down by the subducting plate in areas of strong coupling, accumulating strain on the megathrust fault until slip occurs and the overriding plate pops back up in the form of an earthquake. Slow slip episodes represent similar motions to the megathrust stick slip behavior, but these episodes typically last over 4 orders of magnitude longer than an earthquake [Dragert et al., 2001; Kawasaki et al., 1995; Lowry et al., 2001; Ozawa et al., 2001] . Together with nonvolcanic tremor (NVT) activity, the correlated strain and seismic observations characterize episodic tremor and slip (ETS) events, which in Cascadia recur with regular intervals that range from months to years [Brudzinski and Allen, 2007; Kao et al., 2006; Melbourne and Webb, 2003; Rogers and Dragert, 2003; Szeliga et al., 2004] . The processes that govern ETS and the potential relationships to major earthquakes remain unknown. In this study we use new methods to identify slow slip episodes at individual stations allowing compilation of a catalog of these observations for an entire subduction zone over a 10 year period from 1997 to 2007.
[3] Previous observations of ETS in Cascadia have focused on southern Vancouver Island, northern Washington, and northern California given the scarcity of geophysical observatories in other parts of Cascadia. Slow slip episodes representing weeks of transient displacement are visible on GPS stations within a few hundred kilometers of the trench and show motions of the upper plate back toward the trench consistent with relieving accumulated strain [Dragert et al., 2001; Melbourne et al., 2005; Miller et al., 2002; Szeliga et al., 2008] . In this study, we analyze data from 111 continuous GPS stations along the entire length of the 1400 km Cascadia subduction margin and into the stable North American plate to better characterize patterns in strain accumulation and release. We use GPS data to investigate both long-and short-term trends in the time series by paying particular attention to slow slip events including patterns in displacement magnitudes, directions, and regional coherence. We employ an algorithm for identifying slow slip transient displacements in a given time series to construct a catalog of slow slip observations for all of the continuous GPS stations across Cascadia (Figure 1 ).
[4] We uncover evidence for along-strike segmentation of slow slip events, and we identify ways to measure the station velocities between slow slip events. Using a simple elastic half-space forward modeling approach, we find that long-term velocities are consistent with previously proposed models for how coupling varies with depth on the plate interface, and we find slow slip is centered at $30 km depth on the interface. However, when we examine station velocities in between slow slip events, we find that coupling on the plate interface does not transition gradually from the locked zone to free slipping zone, but must instead have a prominent increase in coupling in the source zone of slow slip.
Data Analysis
[5] The continuous GPS data analyzed for slow slip episodes is from the Pacific Northwest Geodetic Array (PANGA) network provided by the Central Washington University clearinghouse (www.panga.cwu.edu). PANGA time series are network solutions with phase ambiguities resolved and typically consist of one sample per day. The provided time series have been postprocessed with GIPSY and undergone a regional stabilization, with steps due to earthquakes or hardware upgrades, and annual and semiannual sinusoidal signals simultaneously estimated and removed [Szeliga et al., 2004] . We examine all data in the Cascadia region available from PANGA at the time of this study, covering 1997 to mid-2007.
[6] As shown in previous studies examining transient episodes Larson et al., 2004; Lowry et al., 2001] , anomalous displacements during slow slip events can be estimated by fitting the GPS coordinate time series with a function of the form
in which x i (t) are GPS site coordinates at time t in the vicinity of the ith slow slip event, x 0 are coordinates at a reference time, V i is the velocity before and after the ith slow slip event, U i is anomalous displacement during the ith transient event, T 0i is the median time of the ith event, and t i scales the period over which the event occurred. If T 0 and t are specified, the other parameters can be estimated from linear least squares inversion. To estimate anomalous deformation during slow slip events, one can employ a grid search over T 0 and t. The linear parameters of steady state velocity and transient displacement are estimated via least squares minimization, weighted by the formal inverse variance of GPS coordinate estimates.
[7] This technique has been particularly useful for characterizing the precise timing and overall displacement when a slow slip episode has been identified Larson et al., 2004; Lowry et al., 2001] . In this study we use a grid search to automate the identification process by (1) applying the hyperbolic tangent fit over a 12 month scrolling window incremented at 0.01 years, (2) using an F test to confirm when the hyperbolic tangent fit is significantly better than a linear fit at 99% confidence within the window, and (3) establishing a threshold value for the transient displacement to mark events that are larger than background noise.
[8] For the threshold to be consistent across the array, we fix the t value in the final run of the grid search. This is necessary because large t values tend to promote larger transient displacements over a fixed 12 month window, so fixing t ensures that the algorithm produces [McCrory, 2006] . Thin lines and numbers indicate apparent segmentation of ETS based on recurring termination points of ETS events. comparable displacements within events and between events. The t value of 0.025 y is found to produce the best fit to the data across the entire subduction margin, consistent with the typical event duration of $20 days reported in previous studies [Dragert et al., 2001; Miller et al., 2002] .
[9] We developed an algorithm for the identification of slow slip event times that uses the event displacement magnitude, F test, and associated chi squared value for the longitudinal and latitudinal components, along with tests for regional consistency and proper data sampling. Times are flagged as potential event times if the F test value is >99% and near a local maximum while the associated chi squared value is low. Also, event displacement U i must be greater than a global threshold we set to be 2.0 mm, taken from analyzing stations in the stable continental interior for apparent transients in their time series. For detailed information about the methodology, please see the appendix (auxiliary material).
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[10] For each station, our event detection algorithm produces a comprehensive set of dates and sizes for slow slip episodes. Table 1 shows identified dates of observations of slow slip events, sorted by station latitude. In total, we find 215 observations of slow slip events recorded by 60 stations across the entire Cascadia region since 1997. Out of the 61 episodes recorded at 10 representative stations across the subduction zone, only one false negative and eight false positives were recorded by the automated process, as defined by visual comparison for similar observations at neighboring stations. Positive identification of slow slip events relies on regional consistency with other GPS stations or correlation with seismic tremor in space and time. The false positives mentioned failed to meet this criteria. False negatives were identified by examining time series of stations near identified slow slip events and visually determining if a consistent signal may exist. Detailed methodology on validating identified slip events is in the auxiliary material.
[11] In Figures 2 and S1, we show the longitude and latitude time series for the representative stations and hyperbolic tangent fits for each time identified as a slow slip episode. Each of these time series have been detrended such that the overall trend thought to represent interseismic rate of strain accumulation has been removed. What remains are the generally downward steep sloping trends that are slow slip episodes and the upward gradual sloping trends that are thought to represent the strain accumulation eventually released in the form of slow slip.
[12] Vertical time series were not used in the determination of ETS times due to the larger scatter for this component that is common globally. For example, when the hyperbolic tangent method was applied to the vertical component of station DRAO in the stable continental interior, the maximum value of transient displacement estimated was 5.3 mm, compared to 2.3 mm and 1.9 mm in the east and north components, respectively. Our algorithm solves for vertical transients for all events using T 0 identified on horizontal components, but the scatter at DRAO suggests we should be wary of displacements less than $5 mm.
Results

Slow Slip Episodes
[13] To illustrate the regional patterns in the slow slip process, the final catalog of slow slip event observations is plotted as squares and associated vectors and 2-sigma uncertainty ellipses in Figure 3 , with specific dates listed in Table 1 . The magnitudes given for these slow slip event observations are surface displacements. However, we do expect a direct relationship between the surface displacements and the magnitude of slip on the plate interface below the observations [e.g., . All events are plotted along the entire Cascadia region separated into plots covering a time interval of about half a year. Stations that were recording during this time frame and have a small enough scatter in the time series to see a transient but did not record a slow slip episode are plotted as small squares. For comparison, we also plot seismic stations where nonvolcanic tremor episodes have been identified independently of the GPS data [Brudzinski and Allen, 2007] . Strong correlation between the spatial and temporal placement of these two data sets suggest that the times associated with the GPS data are accurate. However, tremor data do not indicate displacement values so there is no check on the displacement magnitudes and directions calculated from the GPS time series.
[14] Szeliga et al. [2008] also analyzed the PANGA data set up to 2006 to identify transients and inverted for slow slip for 12 of the events that had adequate sampling, 11 of which were in Washington and one in northern Oregon. They report very similar results to those shown in Figures 2, 3 and S1, particularly for large events. We find a few additional small events (2001.3 -2001.4, 2002.5 -2002.6, 2002.7 -2002.8, and 2003.7 -2003.8 , where the digit after the decimal point is tenths of a year) and some extra observations near the coast and in the latitude component (e.g., Vancouver Island observations in July 2004). In the latter case, a few additional constraints near the spatial edge of transient deformation could help reduce smearing effects in inversions but will not likely change other model parameters significantly. Although we have not confirmed these additional slip events through another technique, in two cases they occurred near continuously recording seismometers that show corresponding tremor. We feel the observation of additional small events will help in estimating the overall strain release and the degree of coupling between ETS events.
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Individual stations may show anomalous recurrence intervals if events are small enough to avoid detection. In some cases, a station will show two small events that are close in time, with spacing between events being less than half the normally observed spacing at that station. These events are also typically much smaller than other observations at that station, and they commonly occur at recording stations on the spatial edge of multiple events from neighboring source zones. We interpret these pairs of small motions as representing the release of strain from two parts of the interface that would make up a single normal event, so they are counted only once for recurrence purposes. A clear example of this is with station NANO in Figures 3d and 3e , where event observations were separated by only 0.55 years. For this reason, only regional recurrence intervals should be given merit.
[16] In some cases, abrupt regional variation in recurrence intervals, like that in central Washington or northern Oregon, appears to be due to the short amount of time some sites have been recording. Also, stations close to and far away from the trench (e.g., TRND and WSLR, the southernmost and northernmost stations shown in Figure 4 ) show apparently anomalous recurrence intervals, but these stations are recording events at or near the detection threshold, which we interpret as due to their distance from the expected source zone that limits our ability to detect all events. This results in a value that is longer than others in the region, but indicates to us that recurrence is being affected by the detection threshold. Nevertheless, results from our recurrence interval calculation are consistent with those found in previous studies [Brudzinski and Allen, 2007; Miller et al., 2002; Szeliga et al., 2004] and show $11.1 ± 1.3 month recurrence intervals in northern California, $21.5 ± 2.3 month recurrence intervals in most of Oregon and southern Washington, and $14.4 ± 1.1 month recurrence intervals in northern Washington and southern British Columbia (Figure 4) . The values for the longest standing stations are taken to represent the regional recurrence interval since grouping of stations that contain outliers (due to missing events or short station life) can affect calculated recurrence intervals and associated errors.
[17] For each station, the average amount and direction of slow slip surface displacement recorded per year is calculated ( Figure 5a ). These values represent the approximate annual rate of slow slip strain release and take into account how often the slow slip events occur. Modeling of these surface displacements is performed in section 4.4, but we feel it is important to describe the key transient observations that illustrate the overall trends in slow slip. Annual amounts of transient monument displacement appear to be largest above the northern and southern parts of the margin and smaller in the middle, although the lower station density in Oregon and northern California make these regions difficult to assess as displacements can vary greatly with distance from the trench. Stations ALBH and YBHB show yearly transient displacements of 3.8 and 3.5 mm/yr, respectively. The largest rate in the $20 month recurrence interval region is station NEWP, which shows a yearly transient displacement of 1.9 mm/yr.
[18] We can look at a slightly different perspective on along-strike variability by examining the average transient displacement and direction per event observed at the surface (Figures 5b and 6) . Because of the large degree of alongstrike variability in recurrence intervals, the average event displacements and annual displacements for each station can vary by differing amounts. Average event displacements observed at the surface appear to be the largest near Puget Sound, with stations showing average displacements of 4.8 mm (SC02), 4.7 mm (ALBH), and 7.9 mm (SC03). While ALBH has a 46% larger average event displacement than YBHB (ALBH shows an average event displacement of 4.7 mm and YBHB shows an average event displacement of 3.2 mm), ALBH only has a 10% larger annual surface displacement. This suggests that while the plate interface below YBHB and ALBH are accumulating and releasing strain at similar rates, less total strain is accumulated before being released in northern California. In central Oregon, the average event displacement at NEWP is 3.4 mm, similar to YBHB, but the recurrence intervals is longer, resulting in lower annual surface displacements (Figure 5a ). Whether this means less accumulation and release in the form of slow slip events is hard to say yet due to such limited station coverage in Oregon, and further investigation of this issue will be possible with EarthScope Plate Boundary Observatory data.
[19] Differences in monument displacement direction from transient event to event shown in Figure 6 represent one standard deviation away from the mean displacement direction. High directional variability could be a result of errors in calculating the displacement directions, but consistency within individual events argues against this being due to poor resolution (e.g., Figures 3a and 3n) . Although the variability values vary greatly from station to station, no dominant geographic patterns emerge. We do find that some stations with high variability like NANO in central Vancouver Island appear to move with one group of stations in a particular direction during one event and then they move with a different group of stations in another direction during a subsequent event (Figures 3b, 3d , and 3e). So in this case, the variability is due to a station responding to different source locations over time. However, other stations like the well-studied ALBH show very little variability, suggesting that the slow slip path beneath southern Vancouver Island is regular in its direction and the geographic location of this patch is regular over time. Geographic regularity of slow slip patches is evident in Figure 3 as well and will be further discussed in section 4.1 on segmentation.
GPS Site Velocities 3.2.1. Long-Term Average Velocities
[20] Figure 7 shows the long-term average velocities in the PANGA GPS time series relative to the stable North 
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American plate calculated in this study, which are expected to represent earthquake cycle strain accumulation [Dragert and Hyndman, 1995; Savage, 1983] . Best fit linear trends are calculated from GPS time series after steps due to earthquake and hardware resets, and sinusoidal annual and semiannual signals are removed [Szeliga et al., 2004] . At this point, slow slip episodes are not removed from the time series, so in cases where slow slip events dominate the time series it may take several years to produce an accurate measurement, even with continuously recording data. Data preceding 1997 is not included in this calculation as many stations have significantly larger scatter. This early scatter can be seen in the ALBH longitudinal time series (Figure 2 ), where data after 1997 have a 74% smaller variance than data prior to 1997.
[21] To illustrate long-term velocities from GPS data relative to the stable North American, the best fit linear trend for the station DRAO is subtracted from all stations in the network, as DRAO effectively represents the stable portion of the overriding plate [e.g., Dragert and Hyndman, 1995] . In general, these velocities are similar to previous studies [e.g., McCaffrey et al., 2000; Wang et al., 2003] , showing larger velocities near the trench associated with the proximity of a strongly coupled subduction interface. In fact, the shape of the contours to the trend values near the coast matches that of the depth contours to the plate interface well (compare Figures 1 and 7) . The directions match that of the relative plate motion direction between the Pacific and North American plate well, with the most noticeable exception occurring across Oregon. Following the work of Wells et al. [1998] , Figure 7b shows the velocities with the Oregon block rotation removed for near coastal stations south of 46.5°latitude. Removing the Oregon block rotation results in velocities that are much closer to the expected values of trench perpendicular shortening, especially in northern California and southern Oregon [e.g., McCaffrey et al., 2000; Wang et al., 2003; Wells et al., 2002] . When corrected for the Oregon block rotation, plate convergence rate is fastest along the northern part of the interface with a convergence rate of $37 mm/yr, $31 mm/yr in the Oregon area, and $34 mm/yr in the northern California area [Wells et al., 2002] . There is an apparent discontinuity in the long-term motion between stations in southern Washington (moving to the north) and stations in northern Oregon (moving to the south), but this is due in part to the discontinuous Oregon block boundary imposed at a specific latitude. This boundary is likely more diffuse in reality, but our current approach does not attempt to account for those complexities.
Inter-ETS Velocities
[22] We next turn our attention to the short-term site velocities when transient motion is not occurring. Using our catalog of slow slip events, we can examine the trends in the PANGA GPS time series relative to the stable North American plate after slow slip events have been removed (Figure 7) . We denote this value as the inter-ETS velocity since it is the velocity occurring between ETS episodes. To calculate this velocity, we find the mode of the best fit linear slopes of a scrolling 1.5 year window in the cleaned data where transient displacements have been removed using the times and displacements of slow slip episodes from our hyperbolic tangent fitting algorithm. We discuss our tests of other approaches to calculating the inter-ETS velocity in the appendix, but the results are quite similar (Figure 8 ), so we use the mode estimate as the inter-ETS velocity for analysis in section 4. To help illustrate the different velocities calculated from the GPS time series, Figure 8 shows the time series for station ALBH after different steps in the processing and the residuals from zero before and after the hyperbolic tangent fits have been removed from the time series.
Discussion
[23] Accurately identifying slow slip events and constraining plate velocities are the first steps in determining patterns of strain accumulation and release throughout the subduction zone. In this section, we use slow slip events and deformation velocities to compare values of strain accumulation and release and highlight trench normal and trench parallel patterns.
[24] In Cascadia, the fully locked portion of the interface has been shown to extend to a depth of $10 km [Dragert et al., 1994; McCaffrey et al., 2007; Wang et al., 2003] , with the transition zone to the stable sliding region extending to below 40-45 km depth [Fluck et al., 1997; McCaffrey et al., 2000; Wang et al., 2003] . Temperature has been proposed as the primary control on the frictional properties of the interface and the downdip change from velocity weakening to velocity strengthening behavior [Hyndman and Wang, 1993] . It is in the transition area from the seismogenic stick slip portion of the interface to the plastically deforming zone where ETS events are thought to occur [Dragert et al., 2001; Rogers and Dragert, 2003 ].
Episodic Tremor and Slip
[25] The intrigue surrounding slow slip events was heightened when episodes observed at stations like ALBH were linked spatial and temporally to periods of NVT [Rogers and Dragert, 2003] . The expanded catalog of slow slip events in this study can be compared with a new expanded catalog of NVT episodes to determine how well linked these two phenomenon are [Brudzinski and Allen, 2007] . There are 41 events during the time studied that show correlated observations of tremor and slip. A handful of cases exist where observations are detected in GPS or seismic data but not in both sets of data, and we find most of these cases occur in areas with few recording stations (e.g., central Washington area in Figure 3j ). Correlated tremor and slip are found abundantly in every area of the margin where there are stations to record it, so it appears to be a process inherent to subduction in this system.
[26] While ETS is common along the entire Cascadia margin, events clearly do not occur all along the margin at the same time [Brudzinski and Allen, 2007; McCausland et al., 2005; Szeliga et al., 2004] , and we summarize these offsets in space and time over the whole time series in Figure 9 , which shows activity with respect to along-strike distance over time. The along-strike distance for each station is from the southern end of the margin to a point on the 40 km depth-to-slab contour that is closest to the station.
[27] To help highlight ETS events, we use gray bars to connect stations that record events within 40 days and 125 km of one another. This works well to both identify ETS occurrence and extent in regions of high station density (northern Cascadia), but is more limited in regions with fewer stations (southern Cascadia). In regions of lower station density, common timing from GPS and seismic stations indicate ETS occurrence, but spatial extent of the events is poorly resolved. In regions of higher station density, it is important to recall that we only plot station locations instead of source locations, so we would expect the gray lines to extend tens of kilometers beyond the actual source locations. Nevertheless, these observations provide strong evidence (4 or more direct geodetic or seismic observations) for 41 ETS events between 1997 and mid-2007. In addition to this, there are several more potential ETS events that have fewer than three observations but show similar signals in their respective time series and occur when expected given the well-determined recurrence intervals (e.g., early in the time series for northern Vancouver Island and central Oregon).
Along-Strike Segmentation
[28] Segmentation is a phenomenon already observed along the megathrust of subduction zones throughout the Figure 4 . Recurrence intervals between slow slip events for stations with at least two well-recorded events. Numbers represent one standard deviation from the mean recurrence interval, and they are absent when the interval is calculated from only two events.
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HOLTKAMP AND BRUDZINSKI: CASCADIA SLOW SLIP EPISODES world, as earthquakes of tend to be interrupted along strike in similar regions [e.g., Ruff, 1996; Bilek, 2010] . Megathrust segmentation has been shown to subdivide into localized areas of large coseismic slip called asperities [Lay et al., 1982; Bürgmann et al., 2005] , which may be linked to forearc structure through gravity and bathymetry [Fuller et al., 2006; Song and Simons, 2003; Wells et al., 2003] . The discovery of segmentation of ETS events suggests that the slow deformation and rapid deformation associated with earthquakes may have similar controlling factors. Relationships between the two types of segmentation is the next step, but the megathrust segmentation is not well known in Cascadia due to the long times ($500 years) between great earthquakes [e.g., Atwater and Hemphill-Haley, 1997]. Brudzinski and Allen [2007] suggest that the two types of segmentation are linked by showing that ETS segment boundaries outline approximate boundaries for fore-arc basins. Further tests, such as comparing inverted slip distributions to fore-arc basins or gravity lows, could strengthen this apparent connection between fore-arc structure, megathrust asperities, and ETS events.
[29] In our study of individual slow slip events found in GPS time series over the past 10 years, we have found a good deal of evidence for along-strike segmentation that is supported by similar time offsets in nonvolcanic tremor episodes at neighboring stations [Brudzinski and Allen, 2007] . Inspection of these events together in Figure 9 shows that the entire subduction margin can be divided into at least 7 segments, defined by groups of stations that tend to move together at the same time. Horizontal solid lines mark approximate boundaries where events on either side of the boundary are separated by at least 40 days more than half of the time (estimated visually in Figure 9 ), and are thus thought to be significant boundaries to ETS propagation. Dotted lines mark boundaries that are separated by 40 days on at least 3 occasions but not enough to divide episodes over half of the time, and are thus thought to represent weak boundaries. Brudzinski and Allen [2007] also show small timing offsets clearly in NVT signals as the source zone propagates across segment boundaries, adding to evidence for segmentation. The along-strike widths of segments in Figure 9 range from 100 to 255 km, but these estimates may be longer than reality in regions with low station density.
[30] It is important to underscore that the way we have defined segments allows for neighboring segments to be active at the same time. The 2003 event in northern Cascadia that was the focus of previous study would be one such example , since this large event spanned three segments as we define them. We find a few segments are particularly ''interactive'' such that they are active along with neighboring segments more than three times as often as they are active by themselves. (Figures 3a -3c and 3m ), in two cases it moves with segment 7 (Figures 3e and 3j) , and in only one case does it move by itself (Figure 3d ). It appears that we can resolve these interactive segments due to the relatively high station density along the northern part of the interface. However, the number of stations in the Oregon and California regions is lower, making it difficult to discern whether interactive segments exist there as well. The ''interactive'' nature of these events may also have an impact on the calculated recurrence intervals, particularly for stations that do not have a long history, as a segment could be influenced by activity in adjacent segments, causing events to occur earlier or later than expected.
Strain Accumulation Rates
[31] To examine how observed surface displacements are related to strain accumulation, we begin by analyzing the geographic distribution. Figures 10a and 10b show all the observed displacements (as plotted for ALBH in Figure 8a) with respect to height above the plate interface for stations more than 20 km away from strong segment boundaries defined in section 4.2. We use height above the interface instead of distance from the trench in order to correct for the variability in slab dip angle along Cascadia and because the ETS process has shown a strong depth dependence [Dragert et al., 2001; Kao et al., 2006] . Values plotted against distance from trench show a similar trend to those in Figure  10 , but the correspondence between inter-ETS velocity and the annual slow slip displacement is more clearly resolved using height above the plate interface, presumably due to along-strike variations in slab dip. In addition to plotting values for each station, we calculate a running mean over 5 stations to help distinguish overall trends.
[32] Slow slip parameters determined from stations near the spatial edges of segments are less regular in direction and smaller in magnitude than stations geographically closer to the center of the segment, and since strong segment boundaries define the spatial edge of most slip events, we expect stations near these boundaries should exhibit smaller displacements. Figure 10c shows that annual slow slip displacement rates for all stations within 20 km of segment boundaries (circles) are lower than the running mean line (blue line) calculated from stations further away. Furthermore, the inter-ETS velocities for most stations near boundaries (triangles) are also lower than stations farther away (green line). Stations near the segment boundaries move less before events and less during events, which indicates that the plate interface near segment boundaries is accumulating and releasing strain at slower rates. This suggests the plate interface below these regions is less coupled than toward the center of the segment, exhibiting more of a velocity strengthening behavior than neighboring areas of the interface at the same depth. This could mean there are regular asperity patches that recur in ETS events. Three-dimensional modeling results from Szeliga et al. [2008] taking into account the curvature of the slab support this observation as their modeled fault slip appears to have geometric regularity and agrees with our segment boundaries. Szeliga et al. [2008] chose to restrict their modeling to events that have high station density, while our study attempts to expand the analysis to the whole length of the margin, in part to investigate observations of segmentation.
[33] Interplate slip deficit recorded at the surface as longterm plate velocity is expected to be caused by locking in the seismogenic zone of the plate interface. Previous researchers have also used long-term velocities to represent interseismic strain rate [Wang et al., 2003 ], but we now focus on the inter-ETS velocity to investigate the total strain rate that is occurring between ETS events. We find that the inter-ETS velocities are most different from the long-term velocities at about 40 -60 km above the interface. The divergence from the long-term velocities at these depths is not an artifact of collapsing the data along the strike of the Cascadia margin, as we find this trend in each of the three main regions from north to south (Figure 10d ). The similar bump in inter-ETS velocities at depth across all 3 regions also helps to confirm that these signals are not due to inappropriate treatment of the Oregon black rotation, as this would only affect stations plotted as stars in Figure 10d . We will investigate this situation further with elastic halfspace modeling in section 4.4. [34] We then define the difference between the inter-ETS velocity and the long-term velocity to be the additional short-term velocity (Figure 8 ). This short-term velocity is a record of the slip deficit recorded in the inter-ETS velocity that does not contribute to the long-term velocity. Instead of contributing to the long-term velocity, this should be the slip deficit recovered during slow slip events. Figure 10a shows that our calculations of the short-term strain accumulation (blue dashed line) and slow slip strain release (blue solid line) are similar through the ranges of 20 -60 km above the plate interface, where larger slow slip magnitudes make the slow slip strain release calculation more accurate. Furthermore, these observations are consistent with previous studies that have identified the source zone of slow slip [Dragert et al., 2001; Melbourne et al., 2005] and nonvolcanic tremor [Kao et al., 2006; Rogers and Dragert, 2003 ] to be roughly bounded by the 25 and 55 km depth contours. Based on these previous results, our colleagues have interpreted this process to be associated with the plate interface transition zone.
Plate Interface Coupling
[35] We next assume that the cumulative surface displacements U at each GPS site during the slow slip events are an elastic response to dislocations along the subduction interface [e.g., McGuire and Segall, 2003] and examine the fits of a range of forward models to the observations. Likewise, the inter-ETS velocities can be investigated with a range of coupling models that produce elastic strain accumulation near the plate interface. In several regions along Cascadia there are a limited number of sites that recorded the slow slip displacements or even the long-term velocities, which provide too little information to reliably recover the location and magnitude of the transient slip and preceding back slip via a formal inversion. However, the displacements do contain sufficient information to reject or accept broad ranges of potential slip distributions, particularly when we consider continuous GPS sites from all across Cascadia relative to their depth above the plate interface in a simple 2-D configuration. We model coupling as the percentage of the convergence rate that is needed on the plate interface to explain the surface motions. To accomplish this modeling, we use DISL software [Larsen, 1991] , which calculates displacements on the surface of a homogeneous elastic halfspace in response to a user-specified slip distribution along a fault embedded within the half-space. The analytic solutions embedded in this code to determine the elastic displacements are from Mansinha and Smylie [1971] . The subduction interface we use for our forward modeling has a Only stations with more than 3.5 years of data are plotted, as these have considerably less uncertainty ( Figure S1 ) and are used in subsequent analyses (Figures 10 and 11) . [36] Previous studies in Cascadia have used observed GPS velocities to arrive at a locking model to describe the amount of coupling on the plate interface due to interseismic strain accumulation [McCaffrey et al., 2007; Wang et al., 2003] . Applying these estimates of how coupling varies with respect to depth in our 2-D modeling approach, we find this model works well to explain our long-term plate velocities ( Figure S2 ). Since the interseismic strain accumulation is not released on the time scale of our observations, the inter-ETS velocity necessarily contains the entire interseismic signal. These velocities decays as depth to the subduction interface increases, but they diverge from the long-term trends expected from the interseismic cycle at $30-60 km above the interface. We test different conceptual models of the coupling on the interface to produce the observed inter-ETS velocities and quickly find that an area of significant coupling near the ETS source zone is necessary to reproduce the observed inter-ETS velocities. Regardless of which model we choose for how coupling changes with depth, a patch of at least 30% coupling from 20 to 35 km depth is needed to produce the observed back slip displacements that eventually result in slow slip events.
[37] To examine this deeper source region of additional coupling, we tested a variety of models where the previously accepted coupling function was adjusted to include greater coupling at depth. First, we investigated a coupling model that resembles the pattern in surface velocities with a decay in coupling that flattens out before resuming the decay at greater depth (Figure 11a ). To achieve this we combine a hyperbolic tangent function with the previously accepted coupling function. The center, amplitude, and width of the hyperbolic tangent function were varied via a grid search, and in each case the surface displacements in between and during slow slip events were predicted from the coupling function with the elastic forward modeling code. There are a handful of models for coupling using this approach that predicted surface displacements within the error bounds of our measurements (Figures 11a and 11b , middle), while most of the models were unable to match our observations (Figures 11a and 11b, bottom) . In order to fall within the error bounds, successful models need $30% coupling down to depths of about 60 km, which is deeper than previous inversions for the source of slow slip events [Dragert et al., 2001; Melbourne et al., 2005] . This set of models does not work because the shape of the predicted inter-ETS surface displacements with respect to depth of the interface do not show the minimal change in velocities observed from 40 to 60 km above the interface (Figures 11a  and S2) . In other words, there is still not enough coupling at depth to temporarily halt the reduction in surface velocities that we observe with increasing distance from the trench.
[38] To better approximate the minimal change in surface velocities above the slow slip zone, we next investigated a coupling model with a Gaussian peak added to the previously accepted coupling function (Figure 11c ). We again predicted surface displacements for an elastic half-space with the depth, amplitude, and width of this peak varied via a grid search. There is a larger set of successful models with Figure 9 . Summary of episodic tremor and slip (ETS) along the subduction margin determined from individual GPS and seismic observations in Figure 3 . Distance along strike is from the southern end of the margin and runs along the 40 km depth-to-slab contour. The map is adjusted to distance along strike versus distance from the 40 km contour. Horizontal lines propose segmentation of the margin into groups of stations that tend to show common ETS timing. Gray bars are produced by automated code that identifies observations that are spatially and temporally coherent. Low station density in southern Oregon prevents precise determination of the segmentation boundary around 450 km. Segments of 4b and 6 appear to be interactive, with variable timing depending on events in neighboring segments.
this approach, and the best fitting models provide a better match to the shape of predicted surface displacements, reducing the variance by more than 30% compared to coupling models using the hyperbolic tangent function. Intriguingly, our best fitting models have a decrease in coupling down to $30% at $20 km depth followed by a peak of greater than 80% coupling at $30-35 km depth, which corresponds to the location of slip on the interface inverted for from GPS observations. For the Cascadia margin, 80% coupling corresponds to an $32 mm/yr slip deficit rate, a value that is similar to inversions of slip magnitude during ETS events. These models indicate a distinct depth separation in strongly coupled regions suggesting that the source zone for ETS events acts somewhat like a second locked zone that releases strain more frequently than the updip seismogenic locked zone.
[39] While our modeling shows a strong preference for significantly increased coupling at depth, we cannot yet rule out a zone of constant $30% coupling. This is a result of the wide error bounds on our surface displacements due to the station spacing of GPS observatories during our study time frame and the act of collapsing these stations along strike to simulate a 2-D situation. However, preliminary inversions of these data taking into account the 3-D nature of the subducting slab do reveal more spatial heterogeneity, but they support the conclusion that patches of stronger coupling occur downdip and distinct from the seismogenic zone [Holtkamp et al., 2007] . Szeliga et al. [2008] also used 3-D modeling to invert for fault slip and show that events have 2 -3 cm of slip, with some cases displaced significantly inland from the predicted seismogenic zone (e.g., July 1998 and May 2004) . Furthermore, a study of a smaller region in the Oaxacan segment of the Middle American Subduction Zone combining dense campaign measurements with some continuously recording sites finds an area of nearly full coupling downdip from the locked zone [CorreaMora et al., 2008] . There is currently no evidence to suggest this feature is continuous along strike in Mexico, suggesting that the patch of stronger coupling at depth we are interpreting in Cascadia may be discontinuous along strike. Nevertheless, the detailed study from Mexico supports the Figure 10 . (a) Comparison of GPS-derived velocities relative to the height above the subduction interface for stations more than 20 km from a segment boundary. Colored lines are the same as in Figure 8 . Since slab dip varies along the margin, height above slab is more significant than distance from trench. Yearly slow slip rate and short-term strain accumulation rate should match in our calculations, and both show peaks from $25 to $55 km, consistent with a source zone along the deeper, transitional zone of the plate interface. The 3 top curves that represent calculations of velocities between slow slip events also match, and they also show a distinct drop in displacements after $55 km. idea that the coupling can be significantly higher than one would expect from typical models with a gradual decline.
Thermal and Mechanical Models of the Lithosphere
[40] Evidence for a large degree of coupling at 30-35 km depth and the distinct separation between the locked and ETS source zones are surprising, particularly given the temperatures involved. Temperature estimates from heat flow data show that the 450°isotherm occurs near 25-30 km depth [Fluck et al., 1997; Hyndman and Wang, 1993] , indicating that large amounts of strain accumulation are occurring at temperatures above 450°. Meanwhile, a local minimum in the coupling ratio occurs at depths where the temperature is between 350°and 450°. These opposing relationships indicate that temperature is not the only control on frictional coupling, and other factors need to be considered. New results from New Zealand showing slip at distinctively different depths (and thus temperatures) support the hypothesis that temperature is not the only control on frictional coupling [McCaffrey et al., 2008] .
[41] A change in material composition along the fault is an attractive hypothesis for the apparent increase in coupling at depth, and the largest compositional change along the subducting interface is expected to be crossing the upper plate Moho. As such, we propose that the mechanical strength of the overriding lithosphere is the other key factor that is controlling the frictional properties on the plate interface. Studies of intraplate earthquakes and laboratory measurements of representative geologic materials have produced evidence that is consistent with reduced strength in the lower crust due to the thermally induced brittleductile transition near 350°[e.g., Chen and Molnar, 1983; Kohlstedt et al., 1995] . In our study, we find a reduction in coupling ratios at depths near 20 km where the temperature is above 350°, consistent with a reduction in strength of the overriding lower crust. However, identification of subcrustal earthquakes and lab measurements of olivine rheology are consistent with the brittle-ductile transition occurring at higher temperatures in mantle compositions. The increase in coupling ratios we find below 30 km depth could be explained by the subducting plate encountering the stronger upper mantle of the overriding plate (Figure 12 ).
[42] Although precise measurements have not yet been made, we estimate the depth where the plate interface crosses the Moho to be $33 km from layering established in scattered teleseismic wavefield studies [e.g., Bostock et al., 2002; Nicholson et al., 2005] . Based on this crossover depth, it does appear the majority of slow slip (this paper) and NVT locations [Brudzinski and Boyarko, 2010] occur adjacent to the overriding mantle. This model is also Figures 11a and 11b except using modeling of surface displacements with a Gaussian peak. The best fitting models with a peak in coupling at depth are better able to match the shape of the observed inter-ETS velocity and result in significantly lower variance. The middle plots show coupling functions (gray curves) that predicted displacements within the error bounds, where the black line represents the best fitting model. The bottom plots show coupling functions that cannot predict displacements within the error bounds. consistent with new results in southwest Japan where dense instrumentation has been used to determine high-precision source locations of NVT and slow slip events that occur at temperatures of 400-500 along the plate interface [Obara, 2002; Obara and Hirose, 2006; Shelly et al., 2006; Yoshioka and Murakami, 2007] , which is below where the plate interface meets the upper plate Moho [Kurashimo et al., 2002; Nakamura, 2002; Murakoshi, 2003; Salah and Zhao, 2004] .
[43] An intriguing implication of this hypothesis is that the upper mantle creates higher coupling on the interface despite evidence for significant serpentinization [e.g., Bostock et al., 2002] . Serpentinization is often thought to lower strength and has been proposed as a control on the downdip limit of great thrust earthquakes [e.g., Escartín et al., 2001] . However, measurements on serpentine fault gouges at progressively higher temperatures and pressures suggest the coefficient of friction increases dramatically [Moore et al., 1997] and the average shear strength of antigorite fault gouge can approach 50 MPa [Moore et al., 1996] . The idea that serpentine is weak may have more to do with serpentinite-bearing fault sections being conducive to the generation of high fluid pressures, through the formation of permeability barriers that trap fluids within the fault zone [e.g., Escartín et al., 1997] .
[44] The variation in strength of serpentine from strong to weak depending on the pore fluid pressures could help explain the contradiction of the high inter-ETS coupling we observe and independent evidence that suggests low effective stress is necessary for slow slip to occur. The evidence for low effective stress includes rate-and-state friction models that need to rationalize the large spatial dimension and short ($1 yr) recurrence of slow slip Rice, 2005, 2007] and observed modifications to NVT activity from small stress changes due to tides or passing seismic waves [Gomberg et al., 2008; Rubinstein et al., 2008 Rubinstein et al., , 2007 Shelly et al., 2007] . Recent studies examining the velocity structure near the plate interface at these depths also find anomalies in Vp, Vs, and Vp/Vs, consistent with high pore fluid pressures in the subducting crust [Audet et al., 2009; Kodaira et al., 2004; Shelly et al., 2006; Song et al., 2009] . Frictional models that incorporate the tendency for pore volume to increase with shear, decreasing pore pressure and increasing frictional resistance, can explain how slip instabilities nucleate but become quenched before reaching fast earthquake slip speeds, as pore pressures drop faster than they can be replenished [Segall and Rice, 1995; Segall et al., 2008] .
Conclusion
[45] Using continuous GPS data recorded over the last 10 years, we examine slow slip events along the entire Cascadia subduction margin in an attempt to better understand the dynamics associated with subduction deformation. We use a hyperbolic tangent curve fitting algorithm to scan the GPS time series and extract slow slip event times and magnitudes. To demonstrate the effectiveness of our technique, we investigated 10 representative stations where 61 cases of slow slip were visually determined, and the Figure 12 . Comparison of (left) a schematic diagram for the variation of the mechanical strength of the crust and uppermost mantle with depth and (right) the best fitting model for coupling ratio with depth from Figure 11 . Mechanical strength is from Chen and Molnar [1983] and is estimated for cold (solid curve), intermediate (dashed curve), and warm (dotted curve) geotherms. The top part of the curve represents stick slip or brittle failure behavior and is based on a linear relationship between the shear stress and normal stress and Byerlee's law for friction. The strength in the lower crust and upper mantle is controlled by flow laws of crustal and mantle materials, respectively. The dashed curve is smoothed to indicate possible gradual changes of strength in the brittle-ductile transition zone and the crust-mantle boundary. This curve matches the overall pattern of coupling with depth found in our study. algorithm finds only 1 false negative and 8 false positives. Applying the algorithm to the entire data set, we have constructed a catalog of 215 observations of slow slip recorded on 60 stations across the entire margin. About half of these stations have enough events to calculate reliable recurrence intervals, with a geographic pattern of 3 regions of coherent intervals consistent with previous studies.
[46] In our study of individual ETS events, we find that the entire subduction margin could be divided into at least 7 groups of stations, or segments, which tend to move with each other during slow slip events. Segment boundaries are defined by areas where slow slip displacements fail to propagate through at least half of the time. These segments vary in size from 100 to 255 km along strike, and can differ from other segments in terms of recurrence interval and consistency with timing in neighboring segments. By removing the slow slip displacements from the GPS time series, we were then able to calculate the station velocities between slow slip events for comparison with the long-term average velocities. Comparison of these values gives an estimate of the slip deficit rate that is released in the form of slow slip events, and allows us to quantitatively compare earthquake cycle strain accumulation and slow slip cycle strain accumulation at points all along the Cascadia margin.
[47] Investigating a range of simple 2-D models of coupling on the plate interface, we find the inter-ETS velocities are best explained by a large, distinct peak in coupling at $33 km depth. However, enough scatter remains in the current set of inter-ETS velocities that we cannot yet rule out a model with a zone of constant $30% coupling. This result suggests that the source region for ETS cannot be described by simple temperature-dependent frictional coupling, but instead the deeper transition zone acts more like a second, independent locked zone that slips more frequently. We propose that coupling initially decreases with depth as the subducting plate encounters the weaker lower crust of the overriding plate but that the coupling increases again when it encounters the stronger upper mantle of the overriding plate.
